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erack that has grova in wa solid tensioned between fixed prips. The overall 
change in enere- is trans Uo. corresponding to the state of strain enerpy 
Prive te fractere, te to Uy where the Griffith energy (,. given by the 
Zefier apetumioet bom is 


sty te the feosdle s€tesr applied externally and perpendicular to the 

wee, OF de fos os totaber, a ad & respectively are the hal! thickness 

apf father of tha fare, soterrine to fivure By oat the interfacial cavity 
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A soluce exerts an asmotic pressure «qual to the pressure that would be 
exerted by a gas having the same nuuber of molecules in a volume equal to 
that oceupled by the solution. Consider a change in volume of the 
interfaclal cavity from V, 0 V) resulting from dissolution of n moles of 
solute. 


pV = aRT 


fpdv 


The stroin energy release 
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nRT log, (V + V)) 
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= WRT log, ry 
Py 
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We must take the positive root, hence 


vy = ANS + /aveant & + 3EV,2 ods 
2 3E 16mab°nRT/ 


~ Yo + /tabinkt 
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3.3 Model 2 


Alternatively, interfacial failure due 
pressure could be modelled as follows. 
reservoir supplies the "gas" 


Energy, E = “Py vi + ip, Vy = ~1p, Vy 
2 2 


= =f ‘ = +2 
“elastic pont  o 
3 


but E 


surface 
so E otal = 2y mt ab ~2n p,? ab? 

3 °OO«#é 

OF = 2yna - 4a p 2 ab 

pat al 

speek Tr 1 

= 2na (y - 2p b) 

3 E 


which is negative if 


b > 3Ey ise. if p> /3Fy 
2p," 2b 


*) 
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and is negative if b> 3E 


an) 


for large values of b 


to cracks inflated by 


Suppose 


a 


constant 


~ 2y Tt ab, where y is the specific surface energy 


osmotic 
pressure 
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OF a) is evidently more negative th: n aE 


= tot OF otal? 5? the expression 
ob Sa 


for p cre is taken from the former. 
Taking as trial values EF = 3GPa, y = 1J/m? and b = 10pm, 


oe AAD. = 
Porit ~ aes = 1OMPa 


3.4 Observations 


It is important to note the distinctive behaviour of pressure filled 
interfacial cracks under the two extreme types of inflation outlined in 
models 1 and 2. Model 2 corresponds to the uniform tensile stress type of 
loading that was treated by Griffith, and gives rise to an unstable 
eritical crack size such that a smaller crack will not grow while a larger 
one will grow without limit. This critical crack size corresponds to a 
maximum in the sum of mechanical and surface energies. Model 1 implies 
loading at the mouth of the interfacial crack (as by the driving in of a 
wedge) and results in a stable crack size corresponding to a minimum in 
the sum of mechanical and gas energies. 


Thus, model 2 predicts instantaneous interfacial failure if a constant 
osmotic pressure equal to a critical pressure can be maintained, whereas 
model 1] predicts interfacial failure at a rate determined by the 
requirement that each pressure pocket maintains its volume at a_ minimum 
energy level. 


In Figure Il, the overall rate of interfacial failure is taken as the rate 
of loss of load transfer index in short fibre composites. The load 
transfer index is the optical retardation measured through diameters close 
to the centre of an individual short fibre minus the optical retardation 
measured through diameters near the ends of the same fibre. It is evident 
that interfacial failure proceeds at a rapidly decelerating rate such as 
would be expected if model 2 dominates at the time of initiation but gives 
way to model | during propagation. 


According to model 1, interfacial] pressure pockets maintain their volumes 
at values determined by the square root of the number of moles of 
dissolved solute. It has been observed that solutes can be leached from 
the fibre in some cases y leaving an ‘etched’ fibre surface, and in such 
cases the availability of the solute is presumably poverned by the rate of 
diffusion of the solute to the surface of the fibre. The simplest 
diffusion model predicts dependence on the square root of time, and the 
combination of these two processes leads to a dependence of the volume of 
the interfacial pressure-filled cavities on the (yyrin root of time. The 
broken line in Figure 11 corresponds to a (time) law. 
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4. N THE ASSUMPTION THAT EPOXY RES 'XS ARE FREE FROM SHEAR STRESS DURING 
CURE 


4.1 Hypothesis 


The accelerated cure reactions that take place during the clevated 
temperature curing of epoxy resins promote cross-linking and thereby give 
rise to shrinkaye. There are one superimposed dimensional changes 
attributable to such processes as chain setssioning, as could be the case 
in polyesters that contain diffused water, or to the release of volatiles, 
as might he the consequence of condensation reactions in polyamides for 
example. The shrinkage is assumed to be homogeneous because any tendency 
to create shear stress is thought to he relieved by viscuelastic flow. 
This assumption is based on the premise that before it vels, the fluid 
resin behaves in a Newtonian fashion and is unable to support. shear 
stress. 


4.2 Experimental 


19mm diameter soda-lime glass cover slips of two different thicknesses 
were bonded to Imm thick soda-lime glass microscope slides. The cover slip 
thicknesses were 140pm and 230pm respectively and, the epoxy adhesive was 
Redux 312/5. The cover slips and microscope slides were thoroughly 
cleaned by ion bombardment before manufacturing the joints. Fach specimen 
was mounted in a specimen chamber so that the free surface of the cover 
Slip was in close proximity to an optical flat. This assembly was then 
mounted on an optical bench. In order that a uniform temperature 
distribution was maintafned across the specimen, it was mounted on a thick 
disc of copper. This in turn was held in good thermal contact with the 
aluminium specimen chamber. Figure 12 is a schematic diagram of the 
optical components. The space hetween cover slip and optical flat is made 
small enough to allow optical interference between light incident upon and 
reflected from the free surface of the cover slip. Any changes in shape of 
the interference cavity, due to deformation of the cover slip caused by 
non-uniform changes in dimensions of the epoxy layer, cause the pattern of 
interference fringes to change. 


Figure 13 shows a sequence of interference photographs recorded during the 
warm up period of a specimen manufactured with a 14Mum thick cover slip. 
The time taken for the specimen to reach the cure temperature was 30 
minutes and a substantial amount of the shape chanee occurred during this 
heating-up period. Initially, the cover slip is slightly deformed convex 
upwards but this soon gives way to a much larger concave deformation, the 
subsequent development of which is further examined in Figure 14 by 
creating Moiré patterns between successive photographs of the interference 
pattern and the pattern photographed when the specimen had completed its 
half hour cure. The Notré fringes are the circumferential fringes, each 
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Of which ds the locus of points that laave suffered ident teal displacement 
normal to the juiut. The nvemal ditvlacement of adjacent leci differ by 
half a wavelength. 


4.3 Results and Discussian 


Figure 05 shows the norms) displacenent at different points across a 
diameter of the same specteen after 3 ainutes at the cure temperature, 
where ¢. = JO minutes is the total time at the care Cemperature. The alan 
of the displacement Cleld was estaubliehed by applyiag oan identical 
positive pressure to the cover slip. The curve fits the parabola 


wos  .077) (x ~ .0095)? 


where woiis the nomel displacesaent and x fsx the distance avasured fram the 
edge of the specimen 


To a first approximation, the deformation af Che caver slip can be 
regarded as identical ta thet of a eclrealar oeabrone, cisidly supported at 
its edge and subjected fo us pressure drop (Cp) acrone fCe surfaces. For 
such oa membrane, Level" has shown that the toarth differential af the 
normal displacement is 4 measure of pe. The cuver slip te Chin. Tf ubia 
enough for Love’s analysis to be applied, then 


b 
ow 2 Owen poe 0 


Sinee the dat. presented fn Fbpure 19 fs described by a parabola, Che 
fourth differenthal X8u/Ax" and hence Che neriart sre ss C,, tte evidently 
ZeCve at 


Hence fC {8 concluded Chat the deformation presented fo Figure US (8 
caused by radial stresses Cransmitted from the resin to the caver slip and 
net the stresses created normal to the jofot. To cheek that curing really 
docs cause the parallel sfded dise of resin te transfer inte oa concave 
lens shape, a specimen was manufactured using cover slips for both 
adherends. As expected, curing caused Chis sandwich Co defocm into a 
double concave Tens as might have been produced by the application of edge 
tractions. 


The analogy to the buckling of a thin cfrealar plate stiaply  suppurted 
around fits edge and subjected te a untformly distributed edge force 
applied in the plane of the plate, has been used Co estinate the radial 
stress in the specimen shown in Fleare 13. 
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